Abstract -Recently many walking robots are developed, and almost all the researches adopt the model-based control. However the researches also adopt other ideas based on the dynamics-based control to decrease their energy consumption, to absorb the impact shock of contacting, to control the joint stiffness ...etc. So it seems important and valuable for the conventional walking robot control to import the ideas based on the dynamics. On the other hand, we focus the passive dynamic walking robot which walks only by the dynamics. If the principle of the robot system is analyzed and elucidated, we can apply the essence of the system to the conventional walking robot control, and also contribute the performance gain. In this paper we propose a designing method of the passive dynamic walking robot via analogy between the Phase Locked Loop circuit and the passive walking robot system. By the proposed method, we can describe how to fix the set-up parameters and initial conditions of the passive dynamic walking robot system.
I. INTRODUCTION
Recently many biped walking robots are developed, and almost all the researches about those robots adopt the modelbased control method using mass-link models and referring zero moment point. However the researches also adopt other ideas based on the dynamics-based control method to decrease their energy consumption, to absorb the impact shock of the contact, or to control the joint stiffness ... etc. For example, Honda robot 'ASIMO' adopts soft material soles [l] , Sony robot SDR-4X and Waseda university's robot controls its joint stiffness [2] [3] , and so on. So it seems important and valuable for the conventional robot control method to import the ideas based on the dynamics for their performance gain.
On the other hand, we focus the passive dynamic walking robot system which walks only by the dynamics caused by the gravity [4] [5] [6] [9] . If the principle of the passive walking robot system is analyzed and elucidated, we will be able to apply the essence of the system to the conventional walking robot control, and also able to contribute the performance gain of walking robot control [7] . However the conventional researches did not show a practical designing method of the robot system.
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In this paper, firstly we analyze the behavior of the passive dynamic walking robot system via analogy with the Phase Locked Loop circuit which shows similar behaviors to the robot system, and ascertain that the robot's gait bifurcates and shows the chaotic behavior on the same condition which causes chaotic behaviors of the Phase Locked Loop circuit. And then we also ascertain that we can get the initial conditions and the set-up parameters which cause the desired gaits of the passive dynamic walking robot via this analogy. At last we propose a designing method of the passive dynamic walking robot system via analogy with the behavior of the Phase Locked Loop circuit, and show an example of the method and its effectiveness.
II. PHASE LOCKED LOOP CIRCUIT
Phase Locked Loop (PLL) circuit technology is applied for electrical circuits which need to synchronize two cyclic signals. The circuit is adopted to a lot of area such as radios, television sets, motor speed controllers ...etc. Fig.2-1 It is noteworthy to remember that once the PLL circuit synchronizes the output signal to the input signal, the circuit keeps synchronizing although co gets larger by degree during cois less than Lock-range. Then the chaotic behavior such as the bifurcation of the phase 0 (t) generally appears when the frequency deviation co becomes larger by degrees in the area between Pull-in range and Lock-range. III. PASSIVE DYNAMIC WALKING ROBOT Fig.3-1 shows the walking robot model which we consider. Let the support leg angle be O., the swing non support leg angle be O0, a slope angle be a parameter oc.
Using the Euler-Lagrange approach, the dynamic equation of the robot can be derived as shown below; x(t) =Ax(t)i+bi+Bu(t) (4) In this paper we use the non-linear model (2) for the simulation, and also use the linearized model (4) to analyze the stability of the robot system in section IV-C.
Next, we assume that a transition of the support leg and the swing leg occurs instantaneously and the impact of the swing leg with the ground is inelastic without sliding. Then the transition equation at the collision of the swing leg with the ground can be derived as (5) by using the angular momentum conservation conditions, where 0 -, 0 + are the pre-impact and post-impact angular velocities. And using the following: A. An analogous behavior of the Passive dynamic robot to the PLL circuit As described in chapter II, when the PLL circuit is active and the value of the frequency disturbance is between Pull-in range and Lock range, the output signal of the circuit bifurcates. Firstly imitating the example of this circuit's case and assuming the slope angle cx as the frequency deviation, we try to change the slope angle by slow degree and continuously during the robot's walking as shown in Fig.4-1  (a) , and analyze its behavior by the computer simulation [12] . The parameters used in the simulation are m=lkg, M= 10kg, 1=0.3m, r=0.15m, and the initial value of =start 0.0349rad. Secondly, we also assume the mass ratio ,u as the frequency deviation and try to change the value just the same as slope angle as shown in Fig.4-1(b) .
The simulative result is shown in Fig.4-2 and Fig.4-3 (which are put on the last page) and the time-series aspects of the support leg angle 0,p of the collision vs. slope angle a are shown in Fig.4-4 .
The passive dynamic walking robot walks by the single periodic gait when the last slope angle OCend is between about 0.00 and 0.065 rad, and we can also find that the changes of the walking period are very small when the last slope angle OCend iS less than 0.65rad. Then the robot's gait bifurcates when the last slope angle OCend is between 0.065 and 0.09 rad and then the robot falls down when the last slope angle OCend iS larger than 0.09 rad. And same as the slope angle case, the robot keeps walking by the single periodic gait when the last mass-ratio value fiend is between approximately 0.05 and 0.32 when the slope angle is 0.063rad. Differently from the case of the slope angle's change, the change of the walking period is large. Then the robot's gait bifurcates when the last mass-ratio value fiend iS between approximately 0 and 0.05, 0.032 and 0.65. These behaviors which try to keep its working state are similar to the PLL circuit's behaviors.
Furthermore, by increasing the slope angle or the mass ratio continuously, we can get several initial-conditions (the sets of the vector x(t) ) and set-up parameters ( the slope angle oc and the mass ratio ,u) which cause any bifurcated walking gait. The fact means that we can get the set-up parameters and the initial conditions for the desired gait easily if we have the initial condition for single periodic gait walking as shown in Fig.4 From the results of the previous section, we can find that the Passive dynamic walking robot's gait bifurcates according to the increase of the slope angle oc and the mass ratio ,u which are equivalent to the frequency deviation of the PLL circuit. Then, in this section we try to analyze the relationship between the parameter a, ,u and the initial conditions x (0). Fig.4-6 shows the area of the initial conditions x (0) which cause the single and double periodic walking gait. The area is fixed by the parameter a and ,u, and so according to the Fig.4-4 , the support leg angle of the collision becomes larger where ,u is small and a is large (in the area of lower right in Fig.4-6 ). In the external area of right side, the initial conditions cause the bifurcated walking gait larger than quad periodic gait, and the support leg angle of the collision becomes larger.
So if we hope to realize the large and single periodic gait which means high speed and stable, we shall select a which is larger than 0.06 rad and also select ,u which is less than 0.1 in the area shown in Fig.4-6 . And if we hope to realize larger gaits and don't mind the gaits' bifurcation, we can select the parameter sets in the higher right area which cause the bifurcated gait. In the case of designing the PLL circuit, phase compensation filters are adopted to stabilize its system and to improve the pull-in behavior generally. So we try to improve the stability of the Passive dynamic walking robot's behavior by the designing method inspired by the PLL circuit.
And so we apply the same idea as the velocity feedback like control method using the viscous resistance of the joint [13] . Practically the torque term shown in Eq. (10) is applied to Eq.(2) when the transition of angle a and mass-ratio u occurs. The parameter D is the viscous friction coefficient of the joint. 02x2 02x2ũ (t)=D 02x2 I x(t)
The simulative result of the compensation method is shown in Fig.4-7 . In this simulation, the slope angle cx is increased from 0.06 to 0.08rad and the mass ratio is decreased from 0.1 to 0.13 which cause the gait's bifurcation, and D = -0.008 Ns/rad. The compensation method starts to apply when the parameters begin to change.
From this simulative result, the gait keeps single periodic gait with the proposed compensation method. And analysing the eigen values of the Poincare map of this system, the absolute maximum of the eigen value becomes less than 1.0 with this compensation method as shown in Fig.4-8 (see Appendices C) [9] . This result shows that the proposed method makes the robot system stable, and also shows the effectiveness of the proposed compensation method for designing the passive dynamic walking robot and its gait.
For example, when we design the robot system, we can fix the set-up parameters such as ,u and a for our desired gait. If we hope to get the larger gait, we shall select the set-up parameters in the lower right area of Fig.4-6 This method seems to be a kind of the Delayed Feedback Control (DFC) reported in [10] [11] which is the effective control method for the non-linear system which shows the chaotic behavior.
V. CONCLUTION
In this paper, we ascertained the analogous behavior between the PLL circuit and the Passive dynamic walking robot, and showed the effective property to get set-up parameters and initial conditions. Then we proposed one method to fix the parameters and conditions which cause the desired walking gaits. And last we showed the compensation method which is effective to stabilize the bifurcated gait of the robot.
For the future work, we hope to propose the method to get the initial conditions. And combining the method of getting the initial conditions and the proposed one of fixing the parameters, we hope the comprehensive designing method of the Passive dynamic walking robot. x(t) = Ad x(t) + b.
And so the linearized Poincare map are described as below Pk= Sd eA Rd,R and the elements are described as 
